Polyurethane (PU) foam is a lightweight material that can be used e ciently as a ground improvement method in solving excessive and di erential settlement of soil foundation mainly for infrastructures such as road, highway and parking spaces. The ground improvement method is done by excavation and removal of soft soil at shallow depth and replacement with lightweight PU foam slab. This study is done to simulate the model of marine clay soil integrated with polyurethane foam using nite element method (FEM) PLAXIS 2D for prediction of settlement behavior and uplift e ect due to polyurethane foam mitigation method. Model of soft clay foundation stabilized with PU foam slab with variation in thickness and overburden loads were analyzed. Results from FEM exhibited the same trend as the results of the analytical method whereby PU foam has successfully reduced the amount of settlement signi cantly. With the increase in PU foam thickness, the settlement is reduced, nonetheless the uplift pressure starts to increase beyond the line of e ective thickness. PU foam design chart has been produced for practical application in order to adopt the e ective thickness of PU foam within tolerable settlement value and uplift pressure with respect to di erent overburden loads for ground improvement works.
Introduction
Excessive post construction and di erential settlement frequently cause catastrophic failure to the soil foundation of civil infrastructures, therefore immediate recti cation works of the soil foundation are needed. The delay in recti cation works might turn the minor defect into serious defect that may endanger the safety of the people and increase the remedial cost. Most of the conventional remedial measures available apply additional load to the existing soil which increases consolidation settlement. Alternative remedial measure is using lightweight PU foam which is produced by exothermic reactions between alcohols with two or more reactive hydroxyl (-OH) groups per molecule (diols, triols, polyols) and isocyanates that have more than one reactive isocyanate group (-NCO) per molecule (diisocyanates, polyisocyanates) [1, 2] .
Both chemicals are mixed in a rectangular-shaped foamwork. Reaction occurs between both chemicals, then expands and hardens in a few minutes to produce a PU foam slab. The soft soil is excavated at shallow depth and replaced with the PU foam slab. Due to its lightweight properties, the excessive settlement problem can be overcome by this remedial measure as the overburden stress due to soft soil is reduced and the hydrostatic uplift assists the PU foam slab to oat in order to provide stable foundation for infrastructure. However, the thickness of the foam is an important consideration [3] . Major concern for lightweight materials as a ground improvement application is the buoyancy of the materials [4] . The upward buoyant force may cause excessive uplift of the infrastructure which might jeopardize the stability of the infrastructure hence cause structural failure. However, the upward buoyant force that causes the excessive uplift can be avoided by controlling the thickness of the foam based on the existing overburden pressure.
Expanded Polystyrene (EPS) on the other hand is a lightweight cellular plastic material consisting of small hollow spherical balls. Densities of EPS is lower than the densities of PU whereby the higher the density of both EPS and PU, the more expensive the foam will be. About 98% of EPS material is air which makes EPS very light, thus gives it a great buoyancy. EPS has been used to keep many products a oat for decades. Due to lightweight of both materials, it is very suitable to combat ground settlement problem [13] . Several reports have appeared in the literature on the susceptibility of PU to fungal attack [14] [15] [16] [17] [18] . These studies revealed that polyether PU is moderately resistant to fungal and microbial. Polyurethane is better de ned as a thermal-set plastic, which means this product would not melt at temperatures below 1000 degrees. EPS on the other hand will soften at 180 degrees and would melt at 240 degrees, therefore it is a combustible material. Polyurethane provides excellent adhesive compare to EPS [19] . Other than that, PU can be injected through a small hole and ll the void underneath the slab without major excavation and disruption to the existing infrastructure.
There were a few failure cases of embankment founded on lightweight geofoam reported by Frydelund [5] due to buoyancy. Unpredicted rainfall and the rise of ood level in Oslo, Norway in 1987 caused rst lightweight geofoam namely Expanded Polystyrene (EPS) ll built in 1972 oated o due to the initial design prediction made in 1972 was 0.85 m lower than the ood level occurred in 1987. Another incident occurred in Thailand whereby the unexpected water level washed away the road ll with lightweight geofoam. The study by Stephen [4] revealed that the geofoam was potentially vulnerable to uplift movement during periods of ooding due to an inadequate weight of the earth ll above the geofoam. The low amount of compacted earth ll provided low resistance against uplift due to buoyancy. Buoyancy turned out to be the primary controlling factor in determining the most cost-e ective redesign alternative and corresponding factor of safety against uplift [6] . The use of waste materials as a lightweight ll such as foamglass, sawdust and bark residue, foamed concrete, lightweight clay aggregate and shredded tyres has been discussed by Frydelund and Aaboer [7] . Variety of techniques have been reported to reduce the embankment deformation and prevent potential stability failure. These methods including improving the ll properties using lightweight ll, excavation and replacement, pile embankment and geosynthetic reinforcement [8, 9] . Study by Stuedlein and Negussey [10] is on the application of lightweight materials using EPS geofoam on bridge supported on piles whereby the approach lls experienced settlements ranging from 20 cm to 30 cm annually, requiring constant grade maintenance. Ghani [11] has carried out a study on the use of polyurethane for road ood damage control. Mohamed Jais [12] has undertaken the case study on road maintenance experience using polyurethane (PU) foam injection system. The materi-als have successfully reduced the settlement of soil and expedited the construction works on soft subsoil.
The soft soil properties of high compressibility and low permeability introduce large embankment settlement over the time as excess pore pressure dissipates and embankment loading is applied [20] [21] [22] . For predicting the behaviour of embankment on soft ground, one of the key points is to simulate the consolidation process. The consolidation rate is mainly in uenced by the foundation soil permeability. The permeability of soft ground varies during the loading and consolidation process and signi cant changes occur before and after the soil yields [23] . Available numerical methods for calculating an embankment settlement are the layer-wise summation method (LSM), empirical formulation method, nite element method (FEM) etc. Of these methods, FEM is the most powerful numerical tool for solving complicated 2D or 3D consolidation settlement problems. It can handle arbitrary boundary conditions, di erent loading schemes and it considers the coupling e ects of loading and soil consolidation [24] . This study is done to investigate the relationship between the uplift and settlement of soil with variation of overburden load and thickness of PU foam by nite element method.
Research Methodology
The existing site condition model consists of 5 m thick of soft clay, followed by 8 m thick of sti clay and subsequently hard layer. The stabilized soil consists of a layer of PU foam that varies in thickness from 0.25 m to 2 m, followed by soft clay, sti clay and hard layer as shown in Fig. 1 . The signi cant uplift pressure occurs underneath the PU foam. The worst condition of the site is modelled whereby the groundwater table is at the surface as the soil is considered as fully saturated and the ll which is normally constructed below the slab has decreased the strength as it is mixed with soft clay.
. Finite Element Method PLAXIS 2D
The basic equations of consolidation as used in PLAXIS [25] are based on Biot's theory [26] . The formulations are based on small strain theory. Darcy's law for uid ow and elastic behaviour of soil skeleton are also assumed as in Eq. (1) and Eq. (2). The speci c discharge, q is calculated based on the coe cient of permeability, k and the gradient of the ground water head. The head is de ned as in Eq. (3).
where y is the vertical position, p is the stress in the pore uid (negative for pressure) and γw is the unit weight of uid. According to Terzaghi's principles, total stresses are divided into e ective stresses and pore pressures as in Eq. (4).
where: σ = (σxx+ σyy+ σzz+ σxy+σyz+σzx) T and m = (1 1 1 0 0 0) T m is a vector containing unity for normal stress and 0 term for shear stress component. Steady state solution at the end of consolidation is denoted as p steady as in Eq. (5) .
P input is the pore pressure generated during input data based on ground water ow calculation. The constitutive equation denoting e ective stress and strain relationship is as in Eq. (6) .
M = material sti ness matrix, σ and ϵ are the stress and strain increment respectively.
. Material Properties
The physical and engineering properties of marine clay soil were obtained from laboratory tests that were carried out on a few samples of marine clay soil taken from Selangor area as tabulated in Table 1 . Standard test method BS 1377:1990 was referred. The e ective shear strength parameters for di erent types of soil were obtained from Consolidated Undrained tests whilst the compressibility parameters of soft clay were obtained from Oedometer test. The properties of PU foam have been adopted from a previous study [27] as shown in Table 1 . The slab in this model is used to spread the applied load evenly to the underlying soil. The properties of slab with the thickness of 75 mm are shown in Table 2 . The minimum thickness of slab was adopted in order to distribute the overburden load evenly to the underlying soil. The analyses were carried out on di erent thickness of PU foam which are 0.25 m, 0.5 m, 1 m, 1.5 m and 2 m, respectively. The PU foam thickness was adopted as to facilitate the excavation and replacement at shallow depth of soil. The limitation of PU thickness is up to 2 m considering the di culties and stability of excavation works on soft soil. The overburden load imposed on the existing and improved soil was analysed ranging from 0 kPa, 5 kPa, 10 kPa and 15 kPa, respectively. The load was chosen as the focus of this study was to facilitate the adequate overburden load in order to resist excessive uplift with maximum PU foam thickness of 2 m. As the load larger, the uplift e ect is not signi cant. The slab with the weight of 1.8 kN/m/m was also considered as an additional load imposed on the existing and improved soil. There are 3 stages of construction considered in the analysis namely initial, existing and remedial conditions as shown in Fig. 1 . For both existing and remedial condition, the duration for consolidation analysis was carried out for 1 year each in order to determine the behaviour of both conditions in term of settlement and uplift in undrained condition. The undrained condition was considered for soft clay soil to monitor the excessive pore water pressure behaviour when being loaded with overburden. The initial condition represented the condition of site before any construction was carried out. The second stage represented the condition of site after construction of structure completed and accommodated. At this stage, excessive settlement occurred due to poor condition of soil foundation which a ects the stability of existing infrastructure. Therefore, immediate remedial work is required to avoid further deterioration of the structural stability due to excessive and di erential settlement. To model the remedial works condition, the third stage is adopted. For remedial works, the soft soil at shallow depth is excavated and removed, then replaced with PU foam slab. 
Results and Discussions
. E ect of pore water pressure (pwp)
Active pore water pressure (pwp), Ua is the total of hydrostatic pwp, Uh and excess pwp, Ue. Fig. 2 and Fig. 3 show pwp diagram from PLAXIS output for displacement, active and excess pwp for 1 m thickness of PU with 2 di erent overburden conditions those are overburden from slab only and 5 kPa overburden load and slab whilst Table 3 is the tabulation of results for 1 m thickness of PU with variation in overburden pressures as an example. For existing condition, an increase in overburden loads cause increase in excess pwp. The excess pwp will be dissipated out over the time and return to hydrostatic pwp. Whereas for remedial condition, lesser overburden causes an excess pwp to act upward direction and turn to downward direction (-ve signed) with the increase in overburden loads. On the other hand, the hydrostatic pwp for existing and remedial condition is the di erences between active and excess pwp measured underneath PU foam. As the PU foam is constructed to replace the soft soil, the pwp being pushed downward and accumulated underneath the non-porous PU foam as the density of PU is lesser than water provided the condition is undrained. Due to the upward displacement of excess pwp, the hydrostatic pwp underneath PU increases. For both existing and remedial condition, the excess pwp eventually will return to hydrostatic pwp, however, there are di erences between both conditions whereby for existing condition, the excess pwp will return to hydrostatic pwp after water has dissipated out over the time and caused downward displacement (settlement), whereas for a remedial condition with PU, lesser overburden causes excess pwp to act upward that cause upward displacement and the pwp will return to existing hydrostatic pwp when the overburden load is adequate to resist uplift. Uplift pressure may be de ned as the pressure exerted in upward direction by the groundwater underneath structure (slab/pavement). It is the differences in hydrostatic pressure between existing and remedial conditions. The excess of hydrostatic pwp during remedial works that accumulated underneath PU cause uplift pressure whereby the PU foam being pushed up by the increment of hydrostatic pwp. This scenario is elaborated as a graphical plot as shown in Fig. 4 indicating the increase in hydrostatic pressure for remedial condition in comparison to hydrostatic pressure for existing condition results in the increase of uplift pressure. Based on Fig. 4 , at 0 uplift pressures, the hydrostatic pwp for existing condition (Uho) is represented. As no uplift pressure is occurred, the hydrostatic pwp of remedial condition similar to hydrostatic pwp of existing condition. At this moment, the overburden load is adequate to resist uplift. The linear relationship between hydrostatic pwp of existing, remedial conditions and uplift pressure as Eq. (7) is adopted from the graph in Fig. 4 . From the equation, the di erences in hydrostatic pwp between existing condition (Uho) and PU remedial condition (Uh ) cause uplift and upward displacement. .
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Figure 4:
Linear relationship between hydrostatic pwp and uplift pressure. Fup = Uplift pressure (kPa) Uho = Hydrostatic pressure of existing condition (kPa) Uh = Hydrostatic pressure of PU remedial works (kPa) Fig. 5 shows the e ect of hydrostatic pwp to the occurrence of uplift and settlement with variation in PU foam thickness. For existing condition, the settlement increases with the increase of overburden load. The di erence in hydrostatic pwp for existing condition is due to the indication of hydrostatic pressure at the depth of PU foam thickness as a comparison purpose between existing and remedial condition. Hydrostatic pwp for existing condition is constant with the increase of overburden load whereas for remedial conditions, the hydrostatic pwp decreases with the increase of overburden loads.
For existing condition, the hydrostatic pressure remain whilst excess pore pressure increase with the increase of overburden and return to hydrostatic pressure after dissipation of water. Whereas for remedial condition, the load reduces as the soft soil is replaced by PU foam, thus the hydrostatic pressure able to go upward that results in the increase in hydrostatic pressure. However, due to the lesser density of PU compared to water, the increase in hydrostatic pressure cause uplift pressure as the water is pushed to be underneath the PU foam as the foam was constructed underneath infrastructure. In order to reduce uplift pressure, more overburden load is required. The excess pwp due to overburden load was ceased when the load is su cient to resist uplift, thus the pwp return to hydrostatic condition as indicated by horizontal line of graph in Figs. 5 and 6. 
. Settlement and uplift behaviour
From nite element analysis, the existing condition experiences signi cant consolidation settlement ranging from 60 mm to 150 mm for 1-year duration and increases with the increase of overburden pressure as shown in Fig. 7 . Immediate recti cation work is required to prevent further excessive settlement and di erential settlement that will jeopardise the stability of existing structure. Remedial works with PU has successfully reduced settlement significantly as shown in Fig. 7 . However, the thickness of PU foam and overburden pressure are the important aspects to be considered as it a ects the pattern of settlement and uplift. The soft clay in this study is in undrained condition and has low permeability, hence it takes long time to dissipate out the water. The buoyancy of PU foam will produce uplift pressure that causes upward displacement of the soil. The minimum overburden pressure to resist uplift pressure with variation of PU foam thickness was determined in this study. Excessive uplift pressure results in the di erential settlement and excessive movement of structure hence lead to instability of structure such as structural crack and collapse.
From Figure 7 , existing condition shows settlement increase with the increase of overburden pressure. The overburden load is considered as the load from infrastructure. At zero overburden load, the load from soil above the location of settlement being measured cause settlement as shown in Fig. 7 . For remedial works condition with PU thickness of 0.25 m, the settlement obviously decreases compared to existing condition. With remedial works of 0.5 m PU thickness, uplift occurred when overburden pressure is less than 2.5 kPa, nonetheless, beyond 2.5 kPa until 12 kPa of overburden pressure, the settlement is within the tolerable value. 1 m thickness of PU introduced uplift whenever overburden pressure less than 8 kPa, and the maximum pressure of 14 kPa is required to ensure the tolerable settlement value is achieved. For 1 m and 2 m thickness of PU, larger overburden pressure is required to resist the uplift of the foam. Thus, as the thickness of PU foam increases, the minimum overburden load to resist uplift increases as shown in Fig. 8 . The displacement diagram from nite element analysis indicating upward and downward displacement of soil with variation of PU thickness and overburden loads of 0, 5 kPa and 10 kPa for existing and remedial works conditions are shown in Fig. 9 . It can be concluded from the diagram, with the increase in thickness of PU foam, higher overburden load is required to resist uplift.
On top of that, PU foam design chart is produced as shown in Fig. 8 indicating the exponential relationship of settlement and uplift with variation of PU foam thickness and overburden pressure. The e ective thickness of PU foam can be determined from this chart by considering the tolerable settlement required in the design. However, beyond the e ective thickness of PU foam, the increase in PU foam thickness results in the increase of uplift pressure, therefore, minimum overburden is adopted to resist uplift. The occurrence of uplift is due to the downward pressure imposed to the subsoil lesser than the up- ward pressure from pore water. The thickness of PU foam is an important consideration as the increase in PU thickness being pushed down within the saturated soil causes the increase in the volume of water to be displaced by PU foam. The weight of displaced water is equal to the buoyant force whereby the Archimedes' principle is valid. The increase in weight of displaced water results in the increase in buoyant force. Thus, downward pressure from overburden is increased to counter the increase in buoyant force that is acting upward. Comparison of uplift pressure from nite element method analysis is in a good agreement with analytical method. The analytical method was carried out by manual calculation of upward and downward pressure based on Archimedes' principle on buoyancy as represented by Figs. 10 and 11. A slight di erence at certain analysis point probably due to the e ect of soil skeleton exists in saturated soil whereas the analytical method is considering water saturated condition. For analytical method, the uplift pressure is measured by considering the di erences between upward and downward pressure acting on the stabilised soil. The downward pressure exerted by the load from overburden and slab whilst the upward pressure exerted by pore pressure accumulated underneath the PU foam which is equal to the weight of displaced water by the PU foam, ρwgV or simpli ed to γwh per metre square area. According to Archimedes' principle, the weight of displaced water is equal to the upward buoyant force. If the upward buoyant force exceeds the total downward force, the soil will experience uplift.
Archimedes' principle is valid with the ndings of this study whereby it indicates that the upward buoyant force that is exerted on a body immersed in a uid, whether fully or partially submerged, is equal to the weight of the uid that the body displaces and it acts in the upward direction at the centre of mass of the displaced uid. Archimedes' principle is a law of physics fundamental to uid mechanics formulated by Archimedes of Syracuse [28] .
Conclusions
The settlement of soil reduces signi cantly with PU foam mitigation method as the PU foam is a lightweight material. However, buoyancy of lightweight materials is a major concern to cause uplift pressure that a ects the stability of structure. The minimum overburden pressure required to resist the uplift pressure increases with the increase of PU foam thickness. From nite element method, uplift pressure is measured by assessing the di erences in hydrostatic pressure for existing condition and remedial condition as the pore water pressure after remedial work is increased underneath PU foam.
For existing condition, the increase of overburden load cause the increase in excess pore pressure and over the time it returns to hydrostatic pressure. Whereas for remedial condition, the load reduces as the soft soil is replaced by PU foam, thus the hydrostatic pressure able to go upward that results in the increase in hydrostatic pressure. However, as the density of PU as non-porous material is lesser than density of water, the existing water level is pushed to be underneath the PU foam. Therefore, the increase in hydrostatic pressure causes uplift pressure. The results of nite element analysis exhibited the same trend with analytical method carried out for the same model. The chart of e ective PU foam thickness produced in this study would be able to assist practising engineer to adopt the e ective thickness of PU foam in order to minimise the settlement into tolerable value and simultaneously resist uplift. Subsequently, the use of e ective thickness will be able to reduce the cost of remedial measures. 
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